Boron neutron capture therapy (BNCT) is a promising cancer treatment which is new to the field. BNCT requires low energy neutron source. Nuclear reactors have been used as the neutron source until now. However, use of nuclear reactors requires 1) having nuclear fuel on hand at all times; 2) large-scale equipment; and 3) high cost for implementation and maintenance. Therefore, there are only limited number of facilities which can support this treatment. Cancer patients are required to be transported to the facilities where nuclear reactors are located, causing greater burden on them. Thus, developing a system which uses an alternative to a nuclear reactor is a high priority. The alternative must be safe and less expensive as well as can be easily set up in hospitals so that more patients can benefit from the new system.
[Introduction]
Boron neutron capture therapy (BNCT) is a promising cancer treatment which is new to the field. BNCT requires low energy neutron source. Nuclear reactors have been used as the neutron source until now. However, use of nuclear reactors requires 1) having nuclear fuel on hand at all times; 2) large-scale equipment; and 3) high cost for implementation and maintenance. Therefore, there are only limited number of facilities which can support this treatment. Cancer patients are required to be transported to the facilities where nuclear reactors are located, causing greater burden on them. Thus, developing a system which uses an alternative to a nuclear reactor is a high priority. The alternative must be safe and less expensive as well as can be easily set up in hospitals so that more patients can benefit from the new system.
As a solution, we are developing an accelerator based epithermal neutron source for BNCT. By using 2.5MeV proton beam on lithium target, we are generating neutron as a result of Li (p, n) Be reaction. Lithium is suited for generating low energy neutron; however, its melting point is 180 o C, which is lower than other metals. Furthermore, in order to obtain neutron flux required for BNCT, high-current (20mA) proton beam is required. Therefore, the amount of heat load at the target becomes 50kW; thus, the stability of lithium is being questioned.
Under such circumstances, we have irradiated the lithium target with proton in order to test the tolerance of lithium and evaluate whether or not it is suited as neutron source for BNCT.
[Material and Methods]
・Lithium target: 130mm (diameter) X 8mm (thickness) copper plate was coated with 40mm (diameter) X 20-50µm (thickness) lithium ・Lithium Deposition Vacuum deposition equipment was used for lithium deposition. The deposition can be done in lateral and downward directions using the equipment. The downward direction was used for this study. Metallic lithium in cylindrical shape (φ4mm X 10mm long) was placed on the filament as the raw material for deposition. The filament current was gradually raised until it reached 400-500 o C and deposition was continued for 30 minutes. Upon completing deposition, the vacuum chamber was filled with argon. Thus, extraction of the target was conducted under argon atmosphere. The flange was used to protect the surface deposited with lithium.
・Irradiation Experiment
Continuous irradiation on the lithium target placed in the experiment chamber using the current which does not exceed the value obtained during the preparation stage was conducted. The beam conditions were regularly monitored and adjustments were made when necessary. Upon completion of irradiation, the target was extracted by vacuum leak using helium. The target was then placed in a simplified glove box for measurement under argon atmosphere. Laser film thickness measurement equipment was used on the area around the border between irradiated and non-irradiated areas on lithium in order to measure the surface displacement. In addition, a neutron measurement system was used to measure neutron during continuous irradiation.
For conditions without cooling, an oil free pump was used to draw vacuum between the
[Results]
・Irradiation Conditions ・Lithium thickness variation after proton irradiation Continuous irradiation of 30-min, 60-min, 90-min, 90-min X 2 cooling at proton beam current of 40µA and proton beam current density of 210 ～240µA/cm2 were conducted. Traces of irradiation were detected at each irradiation. However, when the area near the boundary between irradiated and non-irradiated areas was measured, no significant difference was observed between two areas. ・Continuous irradiation of 90-min X 2 cooling was proven to be stable in generating neutron at steady amount. [µm]
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(1) 30min (2) 90min 130mm (diameter) X 8mm (thickness) copper plate was coated with 40mm (diameter) X 20-50µm (thickness) lithium at the center by vacuum deposition method The backside of the copper plate was cooled using water as coolant (cooling area: 14cm2)
・Thin layer thickness measurement system: High accuracy surface scanning laser: Keyence LT9010M * Resolution: 0.01µm High precise shape measurement system: Keyence KS-1100 (Three dimensional stage) ・Neutron measurement system: Proportional counter.
・System for the Experiment Experimental chamber is attached at the very end of the proton irradiation system beam transport (see Figure 3) . The chamber can collimate the beam diameter to 5mm. The accelerator side and the target side are separated by 6µm harvar foil. The foil can be cooled using helium from the target side. The chamber is equipped with two view ports through which the surface temperature of the target can be monitored using thermo camera and the conditions can be monitored using CCD camera.
The target can be cooled from the opposite side of lithium deposition on the center area at 42.5mm diameter using 18 o C water as coolant at 15 liter/min. ・Proton accelerator:
A proton accelerator located in NASBEE at National Institute for Radiological Science was used. An electrostatic accelerator was used with the energy at 3.0MeV.
・Lithium deposition: A vacuum chamber which can house the target substrate, plus deposition apparatus equipped with movable filament was used for deposition of lithium on the copper. The lithium was then protected using a special flange under an argon atmosphere.
pump was used to draw vacuum between the target and harvar foil; then, irradiation was conducted. For conditions with cooling, helium gas was continuously pumped in at a pressure of 0.3MPa while drawing vacuum. By placing the helium gas line (φ3mm Cu pipe) through a liquid nitrogen container, helium was cooled down to -15 o C.
・Proton Irradiation Conditions As a preparation, a mirror was placed in the chamber in order to confirm the beam is at the minimum diameter when passing through the collimator by checking the harvar foil reflected on the mirror through the viewport. (The mirror is removed during lithium irradiation.) Then, the maximum current was measured without using coolant, and the beam density was calculated. Next, helium coolant was injected to cool the harvar foil; then, proton beam was irradiated and the maximum current which the film can tolerate was measured.
Under conditions without cooling, the vacuum was gradually deteriorated as the beam current was increased. The harvar foil was compromised when the current was increased above 7.1µA.
Under conditions with cooling, the vacuum was stable up until 71.5µA for the beam irradiation; however, the vacuum was gradually deteriorated when current was increased above71.5µA; therefore, 47.6µA was determined to be the upper limit of the current for the conditions with cooling using helium. 
・Lithium Deposition Lithium was deposited at the thickness of approx. 40µm. Since the deposition location was fixed, lithium was deposited thicker in the center area compared with the periphery. After deposition was completed, the metallic lithium condition was maintained under argon atmosphere by using the protective flange as the cover for the lithium surface. This condition was maintained for several days while the study was conducted. The experiment was conducted in order to find out the maximum current for not damaging the harvar foil for the conditions without cooling the harvar foil and for the conditions with cooling the harvar foil using helium. The results were show as below:
* Without Cooling: ~ 7.1µA ( ~ 36µA/cm2) * With Cooling using Helium: ~ 47.6µA (~243µA/cm2) As a result, in order to protect the harvar foil, we have decided to use the conditions with cooling using helium during continuous irradiation. Generation of neutron over time was measured with cooling using helium and with continuous irradiation at 210uA/cm2.
(1) Adjustments were made to the accelerator in the morning, then one and a half hour of continuous irradiation was conducted in the afternoon of the same day. (2) Accelerator is not in the stable conditions. So the proton beam current is shaking. (1) shows more stable generation of neutron than (2) which is probably the conditions of the accelerator is better in afternoon. No significant change in neutron generation over time was observed in either case.
[Discussion]
As a result of this study, some traces of irradiation were observed but lithium withstood the 3-hour continuous irradiation. In addition, stable generation of neutron was confirmed during the 3-hour continuous irradiation. It is very critical that we have proven stable generation of neutron using lithium for neutron source. In the past, lithium was considered not suited for neutron source since its melting point is low, it is a soft metal which tends to evaporate due to heat load, and it may be consumed by spattering effect during proton beam irradiation. The study we have conducted proves that lithium can be safely used for neutron source.
We have separated the accelerator and the lithium target by using harvar foil so that even if lithium is scattered due to spattering or evaporation within the beam duct, the accelerator will not be affected. This is the reason why we used helium coolant to cool the harvar foil. After proton beam with high current density was irradiated directly on the lithium target for a long time, the harvar foil was damaged by heat; therefore, making it difficult to conduct the experiment at high current density for a long time. Therefore, we had to make cooling down the harvar foil using helium coolant one of the conditions for the experiment. As a result, no problem was observed under such conditions.
The cooling affected not just the harvar foil but also the surface of lithium. The next agenda is to examine durability of lithium target against heat by placing it in vacuum and using current density close to the actual use, then irradiating for an extended time.
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